ABSTRACT
Re Reynolds number, based on the cylinder diameter and the incoming flow velocity.
U Incoming flow velocity (m/s).
U parallel Longitudinal component of the flow velocity (m/s).
x Distance to the end of the cylinder along the cylinder (m).
α Inclination of the cylinder.
ρ Density of the fluid (kg/m 3 ).
θ Angular position of the pressure tap.
INTRODUCTION
In Pressurized Water Reactors, fuel rods are arranged in light arrays wrapped by grids and subjected to axial flow. A description of the forces exerted upon a cylinder oscillating laterally in an axial flow is needed for seismic design purpose to estimate the flow-induced damping of a fuel assembly. In order to understand the physical phenomena involved, the behavior of only one cylinder oscillating in axial flow is investigated.
The study is focused on the damping force, which is defined as the dissipative force component in the direction of the oscillation and orthogonal to the axis of the cylinder. More precisely, the force acting upon a laterally oscillating cylinder can be expanded in a term proportional to the acceleration, which stands for the added mass effect, and in a term proportional to the velocity, which dissipates energy and hence generates damping in harmonic regime. This dissipative force shall be denoted from now on 'damping force' because it is responsible for fluid damping when a cylinder oscillates in axial flow. In the framework of the quasi-steady approach, i.e., if the lateral velocity of the cylinder is small compared to the axial flow and if the oscillation period is low compared to the inverse of the flow characteristic time U/D, the damping force is identical to the normal force exerted upon a cylinder submitted to a near-axial steady flow. One expects this damping force to depend on the axial flow and on the structure velocity.
The normal force for a cylinder oscillating in a fluid at rest has been described by Morison [1, 2] as the sum of an added mass force and a drag force. The added mass is a concept [3] which presents the advantage of reducing all the inertial forces to one single coefficient. The Morison expansion can serve as a basis for the description of the forces exerted upon a cylinder oscillating in a axial flow [4] . In the case of a cylinder placed in an oblique flow, Taylor [5] has shown that for oblique flow with angles higher than 20 • , the axial component of the fluid velocity has no influence (cross-flow principle). Ersdal & Faltinsen [6] The objective of this paper is to compare the results of experiments carried out at small angles, for a cylinder in an oblique flow to RANS CFD simulations of the experiments. As the cross flow principle [5] is not valid for small angles, the variation of the normal force with the axial and lateral velocities needs to be investigated. The validity of the RANS simulations will be discussed for the velocity field, the wall pressure distribution and the total lift force exerted by the fluid on the cylinder. 
STATE OF THE ART
The scientific literature provides very few data about cylinders in near axial flow. Taylor [5] summed up the results of Relf and Powell about the normal force exerted on a cylinder placed in an oblique flow in an air tunnel at angles of inclination between 10 • and 90 • . The normal force F N is the force in a direction normal to the cylinder axis and in the plane of the incoming flow velocity and of the cylinder axis (see Fig. 1 ). In their experiment, the normal force was proportional to the square of the lateral component of the velocity. In other words, the normal force measured for a cylinder placed in an oblique flow of velocity U and angle α is the same as the one exerted upon the same cylinder placed in a cross flow of velocity Usin(α). This implies that the axial component of the flow velocity has no influence on the normal force coefficient in this range of angles.
This result classically refers to as the cross flow principle. According to equation (1), the normal force coefficient C N is around 1.1, which corresponds to the drag of a cylinder in cross flow.
Ersdal & Faltinsen [6] recently carried out experiments with a cylinder mounted on a towed carriage. The cylinder was towed at a constant velocity and angle α and the normal force was measured. For angles lower than 5 • , the cross flow principle does not hold. Taylor [5] proposed a model based on the friction force which is now traditionally used at low angles [7, 8] . Ersdal & Faltinsen showed that the normal force is proportional to the lateral velocity Usin(α) (2) and observed that the lift force is the dominant term of the normal force.
In the present work, the description of the fluid forces is focused on the lift force F L . For a cylinder in an oblique flow, F L is the fluid force in the direction illustrated in Fig. 1 . The non-dimensional lift force coefficient is defined by considering the incoming flow velocity as the reference velocity.
EXPERIMENTAL SET UP
The experiments are all performed in an air tunnel. A cylinder is arranged in a near-axial flow with an angle of inclination In the second experiment, the velocity profiles along the cylinder are measured with the help of a 1D hot wire probe. The reference frame used in the following is described in Fig. 2 : the x axis is parallel to the cylinder axis.
CFD PROCEDURE
In addition to experiments, CFD simulations have been carried out. In order to reduce the calculation time, the fluid domain of the CFD calculations is smaller than the test section of the wind tunnel, but its width is large enough to avoid quadratic behavior are related to flow separation effects that can not be described here, and the discussion is focused on the linear range. The results are reasonably independent on the incoming flow velocity.
FLOW PATTERN
The observation of the flow pattern with the hot wire reveals no significant r.m.s. velocity further than 1.5 D from the cylinder. The RANS simulations show a similar trend, as presented in Fig. 7 . It can hence be assessed that no large unsteady structures are generated by the oblique flow at low angles. More precisely, a gradual deficit of velocity is observed during the Some discrepancies are present when comparing the CFD and experimental velocity profiles; the velocity gradient is smaller in the computations, and the deficit area is larger with a thickness varying from 1.5 to 2.5D. This seems to indicate that the RANS approach overestimates diffusion effects close to the cylinder wall. This point shall be discussed at longer extent in the discussion section.
Another feature of the oblique flow is the variation of the thickness of the velocity deficit area along the cylinder, which indicates that the flow pattern is not purely two-dimensional.
PRESSURE DISTRIBUTION ALONG THE CYLINDER WALL.
The coefficient C p in Eq. (4) is defined as a dimensionless pressure difference, with the far field pressure chosen as reference. The Fig. 10 shows the convention for the angular position of the pressure tap on the instrumented cylinder. 
The experimental and computed pressure distributions are compared in Fig. 11 . At θ = 0 • , the pressure coefficient C p is maximal and strictly lower than 1, which differs from cross flow pressure distributions where a stagnation point generates a value equal to 1. More precisely, if the velocity were equal to zero at θ = 0 • , a direct application of the Bernoulli equation would lead to C p = 1. The other way around, as the pressure coefficient is not equal to 1, one expects a non-vanishing flow velocity parallel to the axis at θ = 0 • to exist and which can be estimated by applying the Bernoulli equation (5) . to about -0.005, a negative value which is consistent with the velocity deficit observed in the previous section.
In The CFD data are however obtained thanks to a steady RANS model which is not ideal for predicting unsteady turbulent phenomena such as the flow separation in the wake of a cylinder. In addition, the flow structure is likely to be threedimensional while the k − ω turbulence model is isotropic. Though they have not been assessed here, unsteady RANS, second-order closures (i.e. anisotropic) might yield more consistent results. The CFD computations and the experiments exhibit a reasonable agreement with respect to the minimum and the maximum pressure. The measured velocity deficit is predicted by the computation but its thickness is overestimated. This can be explained by the fact that the RANS modeling is designed for fully turbulent flow, with an isotropic turbulence model.
CONCLUSION
From a global point of view, the lift forces obtained by RANS CFD calculations are close to the experimental results for inclinations lower than 5 • . Despite some modeling inaccuracies close to the wall, the RANS calculations seem able to predict the general trend of the lift force for small angles of inclinations.
Further work is needed to determine the range of validity of the quasi-static approach. The damping forces of a cylinder oscillating in axial flow should be investigated for low oscillation frequencies ( f < U/L) and low lateral velocities or low instantaneous angle (α(t) < 5 • ) and then compared to the normal force values predicted with the quasi-static approach.
